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Contact pathwaysA library of randommutants of the β-glycosidase Sfβgly was screened for mutations that affect its speciﬁcity for
the substrate glycone (β-D-fucoside versus β-D-glucoside). Among mutations selected (T35A, R189G, Y345C,
P348L, S358F, S378G, N400D, S424F, F460L, and R474H), eight occurred in the C-terminal half of Sfβgly and
only two were at the active site (R189G and N400D). Tryptophan ﬂuorescence spectra and thermal inactivation
showed that the selected mutants and wild-type Sfβgly are similarly folded. Enzyme kinetics conﬁrmed that
these mutations resulted in broadening or narrowing of the preference for the substrate glycone. Structural
modeling and interaction maps revealed contact pathways that connect the sites of the selected mutations
through up to three interactions to the active site residues E399,W444, and E187,which are involved in substrate
binding and catalysis. Interestingly, independently selected mutations (Y345C, P348L, and R189G; S424F and
N400D) were placed on the same contact pathway. Moreover, (kcat/Km fucoside)/(kcat/Km glucoside) ratios
showed that mutations at intermediate residues of the same contact pathway often had similar effects on
substrate speciﬁcity. Finally mutations in the same contact pathway caused similar structural disturbance as
evidenced by acrylamide quenching of the Sfβgly ﬂuorescence. Based on these data, it is proposed that the effects
of the selected mutations were propagated into the active site through groups of interacting residues (contact
pathways) changing the Sfβgly substrate speciﬁcity.a frugiperda; NPβfuc, p-nitro-
toside; NPβglc, p-nitrophenyl
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β-glucosidases grouped in Family 1 of the Glycoside Hydrolases
(GH1) catalyze the release of monosaccharides from the non-reducing
endofβ-glucosides [1]. Basically, the active site of these enzymes is buried
between loops that connect β strands to α-helices at the C-terminal end
of a (β/α)8 barrel [2–4]. The monosaccharide forming the non-reducing
end of the substrate binds to subsite −1 (or the glycone subsite) [5].
Such binding is mediated by a network of hydrogen bonds involving
several active site residues (E, Q, H, and N) and the glycone hydroxyls
(6, 4, 3, and 2). Additionally, the side chain of a conserved tryptophan
residue forms a platform positioned under the glycone ring [6–8]. On
the other side, the remaining part of the substrate (aglycone) is bound
to a portion of the active site called aglycone binding region, which may
be formed by several subsites (+1, +2, +3, etc.) in enzymes active
upon oligocellodextrins [5]. Similar to subsite −1, the aglycone binding
subsites also have a basal platform, which is formed by tryptophan ortyrosine side chains. In spite of this, other residues forming these subsites
are highly variable. Additionally, within this “group of variable residues”
the contribution to the aglycone speciﬁcity is differentially distributed
[9–12]. Interestingly, there is a “second group” of residues that contrib-
utes via non-covalent interactions to the correct positioning of the “vari-
able residues” that directly interact with the aglycone. Moreover,
mutationswithin this “second group,” also called “second layer residues,”
are effective at changing the substrate speciﬁcity in β-glucosidases
[9,10,13].
In parallel to these structural and functional studies onβ-glucosidases,
whichhave beenmostly focused on structure comparison and site-direct-
ed mutagenesis, several alternative approaches have been developed to
ﬁnd and characterize functionally relevant protein residues. For instance,
based on the assumption that the primary sequence positions which are
all involved in the determination of the same protein properties are sub-
mitted to the same selective pressure,multiple sequence alignments have
been searched to identify positions presenting co-variant frequency of
amino residues [14–16]. Additionally, protein structures have also been
represented as networks in which amino acid residues are nodes and
their covalent and non-covalent interactions are links. Few residues
were found as central nodes (hubs) and their connection to functional
sites weremapped [17–21]. Despite their different approaches and initial
assumptions, all of these studies conclude that groups of juxtaposed res-
idues form chains of interactions linking distant residues to functional
sites in the protein structure.
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affecting β-glucosidase speciﬁcity combined with the fact that “interac-
tion pathways” are functionally relevant for proteins prompted us to
search aGH1β-glucosidase as awhole, leaving the active site and looking
for functionally signiﬁcant residues not detected yet. Brieﬂy, such an ap-
proach consisted of screening a library of randommutants to detect sin-
gle residues changes that affect substrate speciﬁcity of the β-glucosidase
from the fall armyworm Spodoptera frugiperda (Sfβgly; GenBank acces-
sion no.: AF052729) [22]. Subsequently, a hypothetical mechanism by
which these selected mutations might affect Sfβgly speciﬁcity was pro-
posed based on enzyme kinetic, structural homologymodeling and struc-
tural analysis with ﬂuorescence quenching.
2. Materials and methods
2.1. Random mutagenesis
Random mutagenesis was performed by propagating the vector
pCAL/Sfβgly, which codes wild-type Sfβgly [8], into an Escherichia
coli strain called XL1 Red (Stratagene, La Jolla, CA, USA) following a
procedure previously described [23]. Brieﬂy, about 200 transformed
colonies of XL1-Red were cultivated in 10 mL of Luria Bertani broth
(LB) with ampicillin (50 μg/mL) for 24 h at 37 °C and 150 rpm. Next,
an aliquot (100 μL) of this initial culture was used to inoculate fresh
broth that was also cultivated for 24 h. This procedure was repeated
ﬁve additional times and after that the ﬁnal culture was used for plas-
mid extraction (Wizard MiniPrep, Promega, Madison, WI, USA). This
plasmid sample was denoted “library.”
2.2. Library screening
Isolated colonies (4,032) of E. coli strain NovaBlue(DE3) (Novagen,
Darmstadt, Germany) transformed with the “library” were cultivated
in “DeepWell” plates for 18 h at 37 °C and 160 rpm in 0.5 mL of Terriﬁc
broth (TB) with ampicillin (50 μg/mL). From these initial cultures, two
aliquots were removed. The ﬁrst was frozen at−80 °C and the second
onewas diluted to an optical density at 600 nmof 1.0 in fresh TB-ampi-
cillin containing 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to
aﬁnal volume of 1.75 mL. To induce the recombinant Sfβgly production,
these fresh cultures were incubated at 25 °C and 160 rpm for 3 h.
Induced bacteria were harvested by centrifugation at 1,600 rpm and
4 °C for 99 min, resuspended in 25 mM HEPES, pH 8.0, containing
150 mM NaCl and 0.2% (w/v) chicken lysozyme (Sigma-Aldrich, St.
Louis,MO, USA), and then incubated at 25 °C for 45 min.Next, the plates
were centrifuged at 1,600 rpm and 4 °C for 99 min. Two aliquots (50 μL)
of each supernatantwere collected and used in enzymatic assays in two
separate 96well plates at 30 °Cwith 4 mM p-nitrophenyl β-D-glucoside
(NPβglc) and 4 mM p-nitrophenyl β-D-fucoside (NPβfuc) prepared in
100 mM sodium citrate - sodium phosphate buffer, pH 6.0, as
substrates. The rate of hydrolysis of these substrates (enzyme activity)
was calculated based on the production of p-nitrophenolate, which
was detected by absorbance at 420 nm after two fold dilution of
the assay using 250 mM sodium carbonate–sodium bicarbonate buffer,
pH 11.
Sfβgly mutants exhibiting altered substrate speciﬁcity were iden-
tiﬁed based on the ratio of activity upon NPβglc versus NPβfuc. For
this, the ratios determined for the Sfβgly produced by “library colo-
nies” were compared to the mean ratio previously determined for
the 576 colonies producing wild-type Sfβgly. Those mutated Sfβgly-
expressing colonies exhibiting a ratio outside the range that
comprises the wild-type mean ratio±2.5 standard deviations were
considered to be signiﬁcant mutants. To conﬁrm the identiﬁcation
of colonies that produced mutant Sfβgly, the cultivation, induction,
and activity ratio determination were repeated only for the “candi-
date colonies” employing a larger sample population formed by 64
wells inoculated with the same “candidate colony” retrieved from afrozen stock. Finally, colonies that were conﬁrmed to produce a
mutant Sfβgly were cultivated in 10 mL of LB-ampicillin (50 μg/mL)
for 18 h at 37 °C and 150 rpm and used for plasmid extraction. Such
samples were submitted to DNA sequencing to identify the mutations
incorporated in their inserts encoding Sfβgly.
2.3. Site directed mutagenesis
Site-directed mutagenesis was performed with a Quikchange
Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA, USA). The
vector pCAL/Sfβgly was used as the template [8].
2.4. Production of recombinant Sfβgly
Competent cells of E. coli strain BL21(DE3) (Novagen) were trans-
formed with plasmids coding mutant Sfβgly selected in the library
screening. Transformed colonies were cultivated for 12 h in 5 mL of
LB-ampicillin (50 μg/mL) at 37 °C and 150 rpm. This culture was
used to inoculate 500 mL of LB-carbenicillin (50 μg/mL), which was
cultivated until an optical density of 0.6–0.8 at 600 nm was reached.
Production of the recombinant Sfβgly was induced for 3 h at 25 °C
by the addition of 1 mM IPTG. Induced bacteria were harvested by
centrifugation at 7000 g and 4 °C for 30 min and stored at −20 °C.
2.5. Puriﬁcation of recombinant Sfβgly
Pellets of induced bacteria were resuspended in 50 mMHEPES, pH
7.0, containing 300 mM NaCl, 1 mM MgCl2, 1 mM imidazole, 2 mM
CaCl2, 0.2% (w/v) hen egg-white lysozyme, and 0.1% (v/v) Triton X-
100. This suspension was incubated at room temperature with mixing
at 30 rpm for 45 min. Next, the suspension was submitted to four
pulses of ultrasound (45 s per pulse) in a S-450A soniﬁer (Branson,
Danbury, CT, USA) equipped with a micro tip at an output 4.0. Cell de-
bris were harvested by centrifugation at 7000 g and 4 °C for 30 min,
and the supernatant was sequentially ﬁltered through cheesecloth
and 0.22 μm Millex ﬁlters (Millipore, Billerica, MA, USA).
This soluble material was loaded onto a 3 mL calmodulin-agarose
column (Stratagene, La Jolla, CA, USA) previously equilibrated with
50 mM HEPES, pH 7.0, containing 300 mM NaCl, 1 mM MgCl2, 1 mM
imidazole, 2 mM CaCl2, and 0.01% (v/v) Triton X-100. Non-retained
proteinswerewashed outwith 15 mL of equilibration buffer containing
1.0 M NaCl and 0.1% (v/v) Triton X-100 followed by 5 mL of 50 mM
HEPES, pH 7.0, containing 2 mM EDTA and 150 mM NaCl. Proteins
speciﬁcally retained in the resin were eluted with 27 mL of 50 mM
HEPES, pH 7.0, containing 10 mM EDTA and 150 mM NaCl. A ﬂow rate
of 1 mL/min was maintained during this chromatographic procedure
with a P1 peristaltic pump (GEHealthCare, Chalfont, St. Giles, UK). Frac-
tions of 1 mL were collected and analyzed for β-glycosidase activity
with 4 mM NPβglc prepared in 100 mM citrate-phosphate buffer, pH
6.0. Fractions containing β-glycosidase activity were pooled and
analyzed by SDS-PAGE [24] followed by silver staining [25] to ascertain
the homogeneity of Sfβgly. Protein concentration was determined by
absorbance at 280 nm in the presence of 6 M guanidinium hydrochlo-
ride prepared in 20 mM sodium phosphate buffer, pH 6.5, with extinc-
tion coefﬁcients calculated based on the wild-type and mutant Sfβgly
sequence [26,27].
2.6. Enzyme kinetic analysis
The initial rate of hydrolysis (v0) of at least ten different concentra-
tions of substrate (NPβglc, NPβfuc and p-nitrophenyl β-D-galactoside
(NPβgal) prepared in 100mMsodium citrate–sodiumphosphate buffer,
pH 6.2) catalyzed by puriﬁed samples of wild-type and mutant Sfβgly
were determined at 30 °C. To obtain the kinetic parameters Km and
kcat, these data were ﬁtted to the Michaelis–Menten equation v0=(kcat
[E]t [S])/(Km+[S]) with Enzﬁtter software (Elsevier-Biosoft, Cambridge,
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nolate and the substrate concentration ranged from 0.2 to 4 Km. Relative
standard deviations of the kinetic parameters were lower than 12%, as
determined in triplicate experiments with the wild-type Sfβgly.
2.7. Thermal stability analysis
Samples ofwild-type andmutant Sfβglywere incubated at 50 °C and
relative remaining activities were determined after different incubation
times (0 to 40 min) with 4 mM methylumbelliferyl β-glucoside pre-
pared in 100 mM sodium citrate–sodium phosphate buffer, pH 6.2.
The hydrolysis rate was measured following methylumbelliferone pro-
duction by ﬂuorescence (excitation 360 nm, emission 450 nm) after ad-
dition of 100 mM glycine–NH4OH buffer, pH 10.5. The observed rate
constant of thermal inactivation (kobs) was determined by plotting the
logarithm of the relative remaining activity versus time of incubation
at 50 °C [28].
2.8. Fluorescence analysis
Fluorescence spectra for wild-type and mutant Sfβgly were collect-
ed at 30 °C in a F4500 spectroﬂuorimeter (Hitachi, Tokyo, Japan).
Collection parameterswere: excitationwavelength of 295 nm, emission
wavelength range from 305 nm to 400 nm, scan speed of 1.2 nm/min,
slits of 5.0 nm/5.0 nm (ex/em), integration time of 1 s, and path length
of 10 mm. Samples of puriﬁed wild-type and mutant Sfβgly used in
these experiments were previously dialyzed against 10 mM sodium
citrate–sodium phosphate buffer, pH 6.2, for 24 h.
Fluorescence quenching experiments were also performed at
30 °C. The maximum intensity of the ﬂuorescence spectra in absence
(F0) and presence (F) of different concentrations (0 to 0.47 M) of ac-
rylamide were ﬁtted in the equation F0/F=Ksv [Q]+1, where Q is the
quencher (acrylamide) concentration and Ksv is the Stern–Volmer
constant [29]. Fluorescence (F) was corrected for the dilution and
inner ﬁlter effects [30].
2.9. Structural analysis
Mutations identiﬁed in the library screen were mapped in a Sfβgly
structural model constructed based on the homology with the
myrosinase of the aphid Brevicoryne brassicae (1WCG) [31]. The ho-
mology modeling was performed with the Swiss Model server and
structures were visualized with the DeepView/Swiss PDB Viewer
v3.7 [32]. β-glycosidase sequences were retrieved from the Cazy
databank [1] and aligned with ClustalX [33]. Additionally, a contact
map of Sfβgly at a distance limit of 3.4 Å was constructed with iMol-
Talk software [34]. Contacts resulting from non-covalent interactions
(hydrogen bonds, electrostatic interactions, and van der Waals inter-
actions) were represented in the map.
3. Results and discussion
3.1. Selection of mutant Sfβgly exhibiting altered substrate speciﬁcity
An expression vector coding for Sfβgly was subjected to random
mutagenesis in vivo and the resulting mutant library was introduced
into NovaBlue(DE3) E. coli cells. To ﬁnd mutant Sfβgly exhibiting
altered substrate speciﬁcity, this library (4,032 colonies) was
screened based on the ratio of Sfβgly enzymatic activity upon p-nitro-
phenyl β-D-fucoside (NPβfuc) versus p-nitrophenyl β-D-glucoside
(NPβglc) (supplementary material). Ten of these colonies expressed
Sfβgly exhibiting an activity ratio signiﬁcantly different than the
wild-type Sfβgly. Vectors coding these selected Sfβgly were se-
quenced showing that they contain only single mutations, T35A,
R189G, Y345C, P348L, S358F, S378G, N400D, S424F, F460L and
R474H (Fig. 1).Considering that the criteria used in the library screeningwas a ratio
of hydrolytic rates for two different substrates, the “selected mutants”
were further characterized based on kcat/Km for hydrolysis of those
same substrates, which is the most adequate parameter to describe
enzyme relative speciﬁcity. Relative kcat/Km parameters (Table 1) indi-
cated that the preference for NPβfuc compared to NPβglc was reduced
in the group formed by mutants R189G, S378G, Y345C, and S358F,
although these mutants still exhibit their highest activity upon NPβfuc.
Indeed, for the wild-type Sfβgly, the kcat/Km for NPβfuc hydrolysis was
3.8 times higher than for NPβglc (100/26); whereas this ratio dropped
to 2.0 – 2.9 for those mutants (100/49 – 100/35) (Fig. 2). Conversely,
the preference for NPβfuc compared to NPβglc hydrolysis increased
for the mutants P348L, S424F, T35A, N400D, F460L, and R474H, as
shown by a clear reduction of the relative kcat/Km for the activity upon
NPβglc from 26% to 3.9–22% of that for NPβfuc (Fig. 2). Notably, the
effects of the mutations that increased the preference for NPβfuc were
more intense than those that reduced it, as shown by the variations
observed in the (kcat/Km NPβfuc)/(kcat/Km NPβglc) ratios (Fig. 2). The
“selected mutants” were also characterized by using NPβgal (Table 1).
Relative kcat/Km showed that the preference for this substrate was not
signiﬁcantly changed. Considering that, NPβgal is partially similar to
the substrates employed in the library screening because it presents
an axial C4 hydroxyl in the glycone as NPβfuc, but also has the C6
hydroxyl found in the NPβglc glycone, but not in that of NPβfuc, these
data suggest that themodiﬁcations in the substrate speciﬁcity observed
for the “selectedmutants”may result from combined changes in the in-
teractions with glycone C4 and C6 hydroxyls.
In addition, the enzyme kinetic data indicate that changes of the
Sfβgly substrate speciﬁcity resulted mainly from a decrease in kcat
(from 1.1 to 138-fold), whereas Km variations were comparatively
lower (from 0.58 to 4.3 fold). kcat/Km data showed that except for
R189G, the selected mutants were less active than the wild-type
Sfβgly (Table 1). Detection of more active mutants was not expected,
because the selection was based on relative preference for two similar
substrates and not on improved activity upon any of them. Further-
more, only a single mutation and selection round was performed, so
simple mutations could drive the Sfβgly sequence to variants exhibit-
ing altered speciﬁcity, but additional rounds of mutation and selec-
tion resulting in the accumulation of multiple mutations would be
necessary to complete the transition to a highly active variant, as
observed in the directed evolution of enzymes [35,36].
In spite of this, the reduced kcat and kcat/Km changes did not result
from Sfβgly denaturation because tryptophan ﬂuorescence spectra of
the wild-type and mutant Sfβgly were similar (supplementary mate-
rial), suggesting that Sfβgly mutants are folded. Mutants T35A, P348L,
and S378G probably have tryptophans more exposed, because a small
shift to longer wavelengths is observed in the right branch of their
ﬂuorescence spectra. However, spectra of these three mutants are
clearly distinct from that of denatured Sfβgly (supplementary
material). In addition, thermal inactivation experiments also indicat-
ed that mutant and wild-type Sfβgly have similar folds (supplemen-
tary material) because they are inactivated at 50 °C according to the
same apparent ﬁrst-order kinetics (kobs=0.031 min−1).
3.2. Mapping of the selected mutations
Interestingly, only two of the “selected mutations” are at the Sfβgly
active site, R189G and N400D, affecting residues positioned very close
to the catalytic acid/base, E187, and catalytic nucleophile, E399 [22],
whereas the remaining mutations (T35A, Y345C, P348L, S358F, S378G,
S424F, F460L, and R474H) are 10 to 27 Å away from the active site
catalytic nucleophile. In addition, two of them, Y345C and P348L, are
positioned in the same loop about 20 Å away from the catalytic nucleo-
phile. Moreover, the “selected mutations” are strongly concentrated
(8 out 10) in the C-terminal half of the Sfβgly primary sequence and
are positioned at the same lateral section of the Sfβgly (β/α)8 barrel
1 – T35A (aca – acg) 3 – Y345C (tac - tgc) 5 – S358G (agc - ggc) 7 – N400D (aat - gat) 9 – F460L (ttc - ctc)
2 – R189G (agg – aga) 4 – P348L (cca - cta) 6 – S378F (tcc - ttc) 8 – S424F (tcc - ttc) 10 – R474H (cgc - cac)
N C
5092501
54 6 7 8 9 10321 97
Fig. 1.Mapping of randommutations that affects Sfβgly substrate speciﬁcity. Amino acid residue exchanges (with respective codon modiﬁcations in parentheses) distributed on the
primary sequence.
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not related to the mutational procedure because in vivo random muta-
genesis is based on the propagation of a plasmid in a bacterial strain that
has an ineffective DNA repair system, which may insert changes at any
position of the expression vector [23]. There was also no clear relation-
ship between the “selected mutation” sites and their degree of conser-
vation, because some them occurred at highly conserved positions
(378, 400, 424, and 474), in which more than 70% of the GH1 β-gluco-
sidases sequences present the same amino acid, whereas four muta-
tions occurred at variable positions (189, 345, 348, and 358). Positions
35 and 460 tend to be conserved because only two similar amino acid
residues (T and S, and F and Y, respectively) occur at these sites in the
majority (more than 70%) of the GH1 β-glucosidases sequences (sup-
plementary material).
Although the “selected mutations” mostly affected residues out-
side the active site, an inspection of the Sfβgly structure showed
that typically up to three non-covalent interactions (contacts) are
enough to connect the sites of the “selected mutations” to activeTable 1
Steady-state kinetic parameters for the hydrolysis of p-nitrophenyl β-glycosides by the wil
enzyme substrate Km (mM) kcat (s-1)
wt NPβfuc 0.54±0.02 0.542±
NPβglc 0.74±0.03 0.19±0
NPβgal 3.0±0.1 0.0280±
T35A NPβfuc 0.37±0.03 0.126±
NPβglc 0.76±0.06 0.0415±
NPβgal 2.0±0.2 0.0063±
R189G NPβfuc 0.94±0.06 1.77±0
NPβglc 0.89±0.07 0.78±0
NPβgal * *
Y345C NPβfuc 0.77±0.03 0.238±
NPβglc 1.17±0.03 0.131±
NPβgal 5.9±0.3 0.0198±
P348L NPβfuc 0.46±0.02 0.175±
NPβglc 1.6±0.1 0.129±
NPβgal 2.64±0.08 0.015±
S358F NPβfuc 0.79±0.04 0.209±
NPβglc 0.86±0.03 0.0803±
NPβgal 9.9±0.7 0.036±
S378G NPβfuc 0.32±0.03 0.0232±
NPβglc 0.54±0.07 0.0194±
NPβgal 3.9±0.3 0.00160
N400D NPβfuc 0.75±0.07 0.00391
NPβglc 3.2±0.3 0.00226
NPβgal 11.2±0.4 0.00040
S424F NPβfuc 1.24±0.06 0.0078±
NPβglc 2.4±0.2 0.0025±
NPβgal 3.2±0.2 0.00016
F460L NPβfuc 2.11±0.06 0.0547±
NPβglc 2.6±0.1 0.0045±
NPβgal 3.8±0.2 0.00164
R474H NPβfuc 0.50±0.09 0.0182±
NPβglc 1.7±0.1 0.00245
NPβgal 3.5±0.2 0.00028
Experiments were carried out with at least 10 substrate concentrations (n=1). Parameter
Elsevier-Biosoft. 1987). * kcat/Km was calculated based on the line slope because plot v verssite residues (Fig. 3). Indeed, depicting the residues as nodes and
their non-covalent interactions (contacts) as links, it becomes clear
the occurrence of contact pathways linking the sites of the “selected
mutations” to active site residues. As an illustrative example, S378
contacts H330, which in turn is linked to Y331 that contacts E399
and W444. So, through 3 contact steps, S378 is linked to the Sfβgly
active site. Similar contact pathways may be traced starting from all
“selected mutations” sites. Notably, mutations that were indepen-
dently selected in the library screening are mapped on intermediate
points of the same pathway to the active site. This is the case for
mutations S424F and N400D and also for mutations Y345C, P348L,
and R189G. Additionally, residues T35, S358, S378, N400, S424,
F460, and R474 are inserted in group of contact pathways that con-
verge to residues E399 (catalytic nucleophile) and W444 (platform
of the substrate subsite −1) (Fig. 3); whereas R189, Y345, and P348
are connected to E187 (catalytic acid/base) and residues E190, E194,
and K201 (substrate subsite +1) (Fig. 3). Importantly, in some GH1
β-glucosidases the side chain of the tryptophan residued-type and mutant Sfβgly selected from a random mutagenesis library.
kcat/Km (s-1.mM-1) relative kcat/Km
0.005 1.01±0.04 100
.02 0.26±0.01 26
0.0004 0.0092±0.0004 0.9
0.002 0.33±0.01 100
0.0008 0.054±0.002 16
0.0002 0.0031±0.0001 1
.03 1.8±0.1 100
.02 0.87±0.07 48
0.0176±0.0002 0.9
0.002 0.31±0.01 100
0.001 0.112±0.003 36
0.0004 0.0033±0.0002 1.1
0.001 0.38±0.02 100
0.003 0.082±0.005 22
0.001 0.0058±0.0002 1.5
0.002 0.26±0.01 100
0.0007 0.093±0.003 35
0.001 0.0036±0.0003 1.3
0.0004 0.073±0.006 100
0.0006 0.035±0.004 48
±0.00006 0.00041±0.00004 0.6
±0.00008 0.0052±0.0005 100
±0.00008 0.00069±0.000006 13
6±0.000008 0.000036±0.000001 0.7
0.0001 0.0063±0.0003 100
0.0001 0.0010±0.0001 16
9±0.000003 0.000051±0.000003 0.8
0.0006 0.0258±0.0008 100
0.0008 0.0016±0.0003 6.5
±0.00003 0.00042±0.00002 1.6
0.0006 0.036±0.007 100
±0.00009 0.0014±0.0001 3.9
2±0.000007 0.000081±0.000005 0.2
s and standard deviations were calculated with Enzﬁtter sofware (Leatherbarrow R.J..
us [S] was linear.
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Fig. 2. Relative substrate speciﬁcity of the wild-type and “selected mutant” Sfβgly. The ratio kcat/Km NPfuc/kcat/Km NPglc expresses the Sfβgly preference for fucosides over glucosides.
The dashed line indicates the relative substrate speciﬁcity for the wild-type Sfβgly (wt).
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the substrate glycone [37–39], which has different spatial positioning
in fucose (axial) and glucose (equatorial), the glycones of the sub-
strates used in the library screening. In addition to being the catalytic
nucleophile, residue E399 was also involved in substrate binding
through a hydrogen bond with the glycone hydroxyl 2. Finally,
E190, E194, and K201 form non-covalent interactions involved in
the aglycone substrate speciﬁcity [10,11].S424
E399 N400
H330 Y331 W444 S445 L446 M447
R97 D362 D361 A360 W359
F460 R459 E458  
S378
T35
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N400
W444
E399
R97T35
F460
Y331W444
E399
N400
H330
S378
A
E
B
Fig. 3. Structural and schematic representation of the non-covalent interactions network in
Sites of the “selected mutations” are labeled in yellow; hydrogen bonds are identiﬁed by gr
static interactions are marked in purple dashed lines. Interactions were detected by using D
distances are shorter than 3.4 Å. E and F: Residues are represented as nodes and their inte
active site residues involved in catalysis and substrate binding are marked by circles; dashe
thick continuous lines represent peptide bonds.3.3. Characterization of additional mutations inserted in the same contact
pathways
Interestingly, the kinetic characterization of an additional group of
site-directed mutant Sfβgly (hereafter called “planned mutations”;
Table 2), which were here constructed to contain mutations at inter-
mediate sites of the same contact pathway or to contain different res-
idues at sites of the “selected mutations”, showed that the majority ofS358
R474
S349 P348 V347 P346 Y345 P344
Q269 R268
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volving the mutations sites that affected the Sfβgly substrate speciﬁcity. A, B, C and D:
een dashed lines; van der Waals interactions are marked in blue dashed lines; electro-
eepView/Swiss PDB Viewer v3.7 and contact maps generated by iMolTalk. Interaction
ractions as lines linking nodes. Sites of the “selected mutations” are marked by boxes;
d lines represent hydrogen bonds; continuous lines represent van der Waals contacts;
Table 2
Steady-state kinetic parameters for the hydrolysis of p-nitrophenyl β-glycosides by the wild-type and planned mutant Sfβgly constructed by site-directed mutagenesis.
Enzyme Substrate Km (mM) kcat (s−1) kcat/Km (s−1 mM−1) Relative kcat/Km
wt NPβfuc 0.54±0.02 0.542±0.005 1.01±0.04 100
NPβglc 0.74±0.03 0.19±0.02 0.26±0.01 26
R97M NPβfuc 0.26±0.02 0.00544±0.00006 0.021±0.001 100
NPβglc 0.90±0.08 0.00324±0.00007 0.0035±0.0003 17
Y167F NPβfuc 0.52±0.02 0.575±0.004 1.09±0.04 100
NPβglc 0.74±0.04 0.213±0.003 0.29±0.02 26
Y228F NPβfuc 0.53±0.02 0.564±0.004 1.05±0.04 100
NPβglc 0.87±0.06 0.215±0.004 0.25±0.02 23
R268M NPβfuc 0.24±0.02 0.492±0.006 1.9±0.1 100
NPβglc 0.21±0.01 0.0378±0.0004 0.17±0.1 8.9
Q269A NPβfuc 0.31±0.02 0.0619±0.0006 0.19±0.01 100
NPβglc 0.35±0.02 0.0268±0.0003 0.074±0.005 38
H330A NPβfuc 0.21±0.01 0.0303±0.0002 0.141±0.007 100
NPβglc 0.21±0.02 0.0225±0.0003 0.11±0.01 75
Y331F NPβfuc 0.48±0.03 0.00176±0.00002 0.0036±0.0003 86
NPβglc 0.105±0.008 0.000444±0.000006 0.0042±0.0003 100
P344A NPβfuc 0.44±0.03 0.459±0.005 1.04±0.07 100
NPβglc 0.88±0.05 0.227±0.003 0.25±0.01 25
Y345A NPβfuc 0.79±0.04 0.000661±0.000008 0.00084±0.00005 100
NPβglc 0.128±0.007 0.000366±0.000004 0.0028±0.0002 30
Y345F NPβfuc 0.46±0.01 0.407±0.003 0.88±0.03 100
NPβglc 1.48±0.09 0.225±0.005 0.15±0.01 17
P346S NPβfuc 0.35±0.02 0.305±0.003 0.86±0.05 100
NPβglc 0.84±0.03 0.178±0.002 0.209±0.007 24
P348A NPβfuc 2.7±0.2 0.053±0.01 0.019±0.001 100
NPβglc 1.3±0.1 0.0066±0.0002 0.0005±0.0002 2.5
S349A NPβfuc 0.51±0.2 0.455±0.003 0.87±0.03 100
NPβglc 1.08±0.04 0.273±0.003 0.252±0.009 28
S358A NPβfuc 0.55±0.03 0.326±0.003 0.58±0.03 100
NPβglc 1.14±0.05 0.169±0.002 0.148±0.006 25
D362A NPβfuc 0.46±0.02 0.205±0.002 0.44±0.02 100
NPβglc 0.87±0.02 0.097±0.01 0.111±0.004 25
S378A NPβfuc 0.31±0.01 0.258±0.002 0.81±0.04 100
NPβglc 0.34±0.03 0.092±0.001 0.27±0.02 33
N400A NPβfuc 0.24±0.01 0.00112±0.00001 0.0047±0.0003 100
NPβglc 1.0±0.06 0.00071±0.00001 0.00071±0.00005 15
N400V NPβfuc 0.51±0.03 0.0088±0.0001 0.017±0.001 100
NPβglc 1.7±0.1 0.0061±0.0002 0.0036±0.0003 21
S424A NPβfuc 0.53±0.03 0.269±0.002 0.50±0.02 100
NPβglc 1.08±0.55 0.130±0.002 0.120±0.006 24
M447A NPβfuc 1.5±0.1 0.00363±0.00007 0.0023±0.0002 71
NPβglc 0.25±0.02 0.00082±0.00001 0.0033±0.0002 100
E458A NPβfuc 0.62±0.02 0.244±0.002 0.39±0.01 100
NPβglc 1.29±0.06 0.0418±0.0007 0.032±0.002 8.2
E458D NPβfuc 0.52±0.03 0.269±0.003 0.52±0.03 100
NPβglc 1.9±0.1 0.106±0.002 0.057±0.003 11
F460A NPβfuc 3.3±0.2 0.0063±0.0001 0.0019±0.0001 48
NPβglc 0.09±0.01 0.000368±0.000004 0.0038±0.0002 100
R474A NPβfuc 1.5±0.1 0.00374±0.00007 0.0025±0.0002 73
NPβglc 0.25±0.02 0.00085±0.00001 0.0034±0.0003 100
Experiments were carried out with at least 10 substrate concentrations (n=1). Parameters and standard deviations were calculated with Enzﬁtter sofware (Leatherbarrow R.J..
Elsevier-Biosoft. 1987).
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speciﬁcity in a qualitatively similar mode, whereas mutations placed
“ofﬂine” these contact pathways did not affect Sfβgly substrate spec-
iﬁcity. It should be noted that “planned mutants” and wild-type
Sfβgly are similarly folded as demonstrated by ﬂuorescence spectra
and thermal inactivation (supplementary material).
Thus, mutations N400D, N400V, N400A and S424F resulted in an
increased preference for NPβfuc. In fact, the relative preference of
these mutants for NPβglc dropped from 26% (in the wild-type) to a
very similar level, 13, 21, 15 and 16%, respectively (Tables 1 and 2).
As expected, the replacement of S424 by A instead of F, a conservative
mutation in terms of side chain volume, caused the lowest reduction
in the relative preference for NPβglc (from to 26% to 24%) compared
to those four changes in the same contact pathway (Tables 1 and 2).
Moreover, “planned mutations” H330A and Y331F, positioned at in-
termediate links of the contact pathway connected to S378, caused the
same effect as the “selected mutation” S378G and “planned mutation”
S378A; an increment in the relative preference for NPβglc to 75%,100%, 49% and 33%, respectively (Tables 1 and 2). Again, a conservative
mutation at the most external residue of that pathway, replacement of
S378 by A instead of G, caused a lower change in the preference for
NPβglc. Notably, replacement of Y331, which is closer to the active
site, produced a more drastic increment in the preference for NPβglc
than replacements of H330 and S378.
Coherently, mutations T35A and R97M, which affected residues in
direct contact, decreased the relative preference for NPβglc from 26%
to 16% and 17%, respectively (Tables 1 and 2).
Additionally mutations R474A and M447A, located in the backbone
segment containing W444, and the mutation of F460 (F460A), which
directly contacts W444 (Fig. 3), caused similar effects, an increased
preference for NPβglc (Tables 1 and 2). Indeed, their relative preference
for NPβfuc decreased to 73%, 71% and 48%, respectively. Puzzlingly,
mutations R474H and R474A both have intense, but opposite effects
on the substrate speciﬁcity; R474A increased the relative preference
for NPβglc from26% to 100%,whereas R474H almost abolish theNPβglc
hydrolysis, decreasing its relative preference to 3.9% (Tables 1 and 2).
Table 3
Stern–Volmer constant (Ksv) for quenching by acrylamide of the ﬂuorescence of the
wild-type and mutant Sfβgly.
enzyme Ksv Increment* (%)
wt 1.72±0.03 –
N400A 4.1±0.1 138
N400D 3.6±0.1 109
N400V 3.3±0.1 92
S424F 3.61±0.03 109
M447A 2.41±0.04 40
R474H 2.9±0.1 68
R474A 2.7±0.1 57
Q269A 3.3±0.1 92
Y345C 2.9±0.1 68
Y345A 3.0±0.1 74
Y345F 3.0±0.1 74
* Relative incrementswere calculated takingwild-type Sfβgly as referential. wt, wild-type
Sfβgly. The ﬂuorescence quenchingwas carried out at 30 °C with acrylamide up to 0.47 M
prepared in 10 mM sodium citrate–sodium phosphate buffer, pH 6.2. Fluorescence was
monitored at the emission maximum, whereas excitation wavelength was set up at
295 nm. Enzyme samples were prepared in 10 mM sodium citrate–sodium phosphate
buffer, pH 6.2. For more details seeMaterials andmethods and “supplementarymaterial”.
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introduced at position 474, which could cause different disturbances
on W444. Similarly, mutations F460A and F460L, which introduce
residues presenting very different side chains in direct contact with
W444, also caused opposite effects on the relative substrate preference
(Tables 1 and 2).
The effects of mutations Y345A and Y345C, increments in the
relative preference for NPβglc from 26% to 30% and 36%, respectively,
were similar to effects of mutation Q269A (which increased the prefer-
ence for NPβglc to 38%). Such similarity may result from the fact that
residue Q269 apparently mediates the connection of Y345 with the
active site residues (Fig. 3). As commented on previous cases, a conser-
vative mutation in terms of side chain volume, Y345F, also caused a
lower effect on the kcat/Km parameters (Tables 1 and 2). A second
group of alterations at that same polypeptide segment containing
Y345, mutations P348L and P348A, which may contact the active site
through R268, have effects agreeing withmutation R268M. In fact, mu-
tations P348A and R268M decreased the relative preference for NPβglc
to very low and similar levels, 2.5% and 8.9%, respectively (Table 2).
However, mutations at P344, P346 and S349, residues positioned in
the same loop as Y345 and P348, butwhich are not placed in the contact
pathway to the active site because they do not have direct contact with
R268 and Q269 (Fig. 3), did not cause any alteration on the substrate
speciﬁcity (Table 2). Consistently, “planned mutations” Y167F and
Y228F, which are not related to the “selected mutations” and affected
residues that do not participate in any of these pathways described
above, did not have any effect on substrate speciﬁcity (Table 2). The
lack of effects for these “off-pathway” mutations agrees with the out-
come of the mutations at S358, D362 and E458, residues with distant
and indirect contact with the active site (Fig. 3), wherein the replace-
ment caused the lowest changes in the kcat/Km ratios observed here.
3.4. Characterization of structural modiﬁcations resulting from mutations
in the same contact pathway
Finally, in addition to the coherent effects on the substrate speciﬁc-
ity, mutations within the same contact pathway also appeared to cause
similar structuralmodiﬁcations. Indeedmutations grouped in three dif-
ferent contact pathways (N400A, N400D, N440V and S424F; M447A,
R474H and R474A; Y345C, Y345A, Y345F and Q269A) caused incre-
ments in the Stern–Volmer constants (Ksv) for acrylamide quenching
of the Sfβgly intrinsic ﬂuorescence (Table 3 and supplementary materi-
al). Importantly, the comparison of the average increments of Ksv (110%
for N400A, N400D, N440V and S424F; 55% for M447A, R474H and
R474A; 74% for Y345C, Y345A, Y345F and Q269A) revealed a similarityrestricted to the mutations in the same contact pathway (Table 3). The
linear relationship between quenching intensity (F0/F) and acrylamide
concentration indicates that the quenching occurred mostly by colli-
sional processes [29], suggesting that mutations in the same contact
pathway caused a physical disturbance restricted to the same region
in Sfβgly, facilitating by the same extent the access of the acrylamide
to Sfβgly tryptophan residues. Thus, effects of mutations in the same
contact pathway may propagate through the same region in Sfβgly
structure.
4. Conclusions
In summary, these data reveal some common trends: (1) “Selected
mutations” that changed Sfβgly substrate speciﬁcity (Fig. 1 and
Table 1) are far from the active site, but they are inserted in short con-
tact pathways that connect to it (Fig. 3). (2) Mutations at different
points of the same contact pathway tend to cause similar effects on
the Sfβgly substrate speciﬁcity and structure. (3) Replacement of resi-
dues close to the “selected mutations”, but not inserted in a short con-
tact pathway to the active site, does not have any effect on the
substrate speciﬁcity.
Hence, based on these experimental trends, it is reasonable to
propose that the effects on the Sfβgly speciﬁcity described for the
“selectedmutations” (Table 1 and Fig. 2) are likely based on consecutive
modiﬁcations of residue contacts (van derWaals interactions, hydrogen
bonds, and electrostatic interactions). Thus, additional volume or voids
introduced by “selectedmutations”might cause contact and/or position
disturbances in its vicinity, which could be propagated through the
nearest contacts until it is completely attenuated due to multiple and
consecutive residue repositioning. Such a “repositioning wave” could
reach the active site through the available contact pathways (Fig. 3)
altering the position of Sfβgly residues involved in substrate binding
and catalysis (E399, W444 and E187). Nevertheless, evidence of the
residue repositioning and contact alterations still depends on further
studies on Sfβgly dynamics and structure. This hypothesis is supported
by the observation of contact pathways connecting distant residues to
functional sites in the protein structure [14–16] and their participation
in mediating the propagation of signaling and binding effects in pro-
teins [19,21,40]. Therefore, themolecular basis of the substrate speciﬁc-
ity in GH1 β-glucosidases may rely on groups of residues not restricted
to the active site.
Supplementary materials related to this article can be found on-
line at doi: 10.1016/j.bbapap.2011.08.012.
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